The insulin-like growth factor receptor type 1 (IGF1R) and epidermal growth factor receptor (EGFR) are reportedly overexpressed in pancreatic cancer. However, the correlation between activated EGFR and IGF1R and their clinicopathological implications still remain unclear. The cellular localization and overexpression of IGF1R and EGFR were investigated immunohistochemically in primary invasive ductal pancreatic carcinomas obtained from 74 patients who underwent radical surgical resection. We also compared the status of IGF1R and EGFR overexpression between primary tumors and hepatic metastatic tumors obtained from 44 autopsied patients. Among the 74 surgically resected primary tumors, cytoplasm-and membrane-dominant EGFR overexpression was detected in 22 (30%) and 7 (9%), respectively, whereas cytoplasm-and membranedominant IGF1R overexpression was detected in 8 (11%) and 28 (38%), respectively. Membrane-dominant EGFR and cytoplasm-dominant IGF1R were more frequent in lower-grade tumors and correlated with favorable prognosis, whereas cytoplasm-dominant EGFR and membrane-dominant IGF1R were more frequent in highergrade tumors and correlated with poor prognosis. In 36 autopsy specimens of pancreatic tumor with concurrent overexpression of IGF1R and EGFR, there was an inverse correlation between the IGF1R and EGFR localization patterns (P ¼ 0.001). In the hepatic metastatic tumors obtained by autopsy, the incidences of both IGF1R and EGFR overexpression were much higher than in the surgically resected primary tumors. More than half of the autopsy cases consistently showed membrane-dominant EGFR expression in both the primary tumor and hepatic metastases, whereas IGF1R expression showed considerable variation. Crosstalk between differently localized IGF1R and EGFR might play a role in determining the biological aggressiveness of pancreatic cancer, although their cellular localization may often alter during the process of metastasis.
Insulin-like growth factor receptor type 1 (IGF1R), a tyrosine kinase receptor belonging to the insulin receptor family, is overexpressed in a variety of human cancers, including pancreatic cancer. IGF1R signaling plays a pivotal role in cellular transformation, tumorigenesis and tumor vascularization through the mitogen-activated protein (MAP) kinase and phosphatidylinositol 3-kinase (PI3K) pathways. [1] [2] [3] [4] [5] [6] In addition, the ligand-binding activation of IGF1R through the PI3K signaling pathway is known to promote proliferation in some cancer cell lines, and to protect many different cell types from a variety of proapoptotic damage. 3, 4, 7, [8] [9] [10] Among the tyrosine kinase receptor families, the mechanism of action of the epidermal growth factor receptor (EGFR) family, especially EGFR and HER-2 (c-erbB2), is that which has been best characterized. 11, 12 EGFR and HER-2 are also thought to be involved in the development of cancers. Many studies have shown that overexpression of EGFR and HER-2 is correlated with advanced disease stage, low patient survival rate, development of tumor metastasis and acquisition of chemoresistance. [13] [14] [15] As is the case for the IGF1R signaling pathway, the EGFR signaling pathway is also involved in cellular transformation, tumorigenesis and tumor vascularization. However, differences between the biological behaviors mediated by these two signaling pathways still remain unclear. Recently, Lu et al 16 suggested that the acquisition of resistance to trastuzumab anti-HER-2 therapy by HER-2-overexpressing metastatic breast cancer might be caused by the switching of signaling pathways. In the presence of trastuzumab, the growth signal conveyed through the HER-2-mediated pathway might be repressed, and bypassed via the alternatively upregulated IGF1R pathway. It has been shown that EGFR or HER-2 is overexpressed in 10-30% of pancreatic cancers. 13 EGFR overexpression was associated with a high risk of death, whereas HER-2 overexpression was correlated with glandular differentiation and early oncogenesis. [17] [18] [19] Previously, we reported that the clinical implication of cytoplasmic EGFR overexpression was distinct from that of membrane EGFR overexpression in pancreatic cancer, the former being correlated with a higher tumor grade and poorer patient prognosis than the latter. 20 EGFR overexpression in pancreatic cancer is therefore expected to be a potential therapeutic target, and a multicenter phase II trial of cetuximab, a monoclonal antibody targeting EGFR, in combination with gemcitabine, for advanced pancreatic cancer is underway. 21 In view of the apparently alternating expression of the IGF1R and EGFR pathways in breast cancer, we speculated that there might be a link between IGF1R and EGFR overexpression, and that both might be correlated with clinical aggressiveness of pancreatic cancer cells.
In the present study using immunohistochemistry, we studied the incidence of membrane and cytoplasm overexpression of IGF1R, and its correlation with that of EGFR, in relation to clinicopathological parameters in surgically resected archival specimens of 74 primary pancreatic cancers. Furthermore, we compared the incidence and localization of IGF1R and EGFR overexpression between the primary pancreatic tumors and corresponding hepatic metastases in 44 individual autopsy cases of pancreatic cancer.
Materials and methods

Patients and Tumor Specimens
The subjects of this study were 74 patients who underwent radical surgical resection of primary pancreatic cancer between 1988 and 2001 at the National Defense Medical College Hospital, Tokorozawa, Japan. The clinicopathological characteristics of these cases are summarized in Table 1a . Pancreatoduodenectomy was performed on 61 patients with pancreatic head cancer, and distal or total pancreatectomy was performed on another 13 patients in whom the cancer was located in the pancreatic body or tail. The clinical stages of the disease were I, II, III, and IV in 4, 13, 24, and 33 patients, respectively. In addition, primary tumors (Table 1b) . To ensure accuracy in determining that tumors were true hepatic metastases from primary pancreatic cancer, we excluded patients whose pancreatic tumors showed direct invasion to the liver and patients with double primary cancers that had developed simultaneously in the pancreas and another organ. Using these tumor specimens from a total of 118 patients, formalin-fixed paraffin-embedded tissue blocks were prepared and sections were cut and stained with hematoxylin and eosin (HE) for routine histopathological examination. All of the cases were diagnosed histologically as ductal adenocarcinomas of the pancreas. After a histological review of the sections by two observers (SU, HT), one representative tissue block of the primary tumor and, if present, a hepatic metastatic tumor, were selected per case.
Histological Classification
The two observers graded the degree of tumor differentiation according to the criteria stipulated in the TNM classification of the International Union Against Cancer (UICC). Tumor differentiation was subclassified into Grade 1 (well differentiated type), Grade 2 (moderately differentiated type), and Grade 3 (poorly differentiated type), according to the degree of tubule formation. The grade of each resected primary tumor specimen was decided according to the grade evident in the widest crosssectional area.
Immunohistochemical Detection of IGF1R and EGFR
Antibodies used for the analysis were a mouse monoclonal anti-EGFR antibody (Clone 31G7, diluted 1:200; Zymed Lab. Inc., San Francisco, CA, USA) and a rabbit polyclonal anti-IGF1R antibody (ready to use; NeoMarkers Inc., Fremont, CA, USA). Briefly, 5-mm-thick tissue sections were deparaffinized and subjected to antigen retrieval, which involved pretreatment with 0.1% type XXIV protease (Sigma, St Louis, MO, USA) for 20 min at 371C for anti-EGFR, and microwave treatment in 10 mM sodium citrate (pH 6.0) for 15 min at 951C for anti-IGF1R. The sections were treated with 5% hydrogen peroxide for 5 min to quench endogenous peroxidase activity, followed by incubation with 3.0% skim milk for 10 min at room temperature to suppress nonspecific staining. Subsequently, the sections were incubated with the primary antibody at 41C overnight, and then with dextran polymer reagent conjugated with the secondary antibody and preoxidase (Envision Plus; Dakocytomation, Glostrup, Denmark) for 2 h at room temperature. The immunoreaction was visualized by immersing the sections in 0.06 mM 3,3 0 -diaminobenzidine tetrahydrochloride containing 0.01% hydrogen peroxide. Counterstaining was performed using Mayer's hematoxylin. A case of stomach cancer with EGFR gene amplification and a case of breast cancer with IGF1R overexpression were used as positive controls. Tissue sections incubated with normal swine serum were included in each assay as a negative control.
Evaluation of IGF1R and EGFR Protein Expression
The intensity of IGFR and EGFR immunostaining was evaluated for both the cell membrane and cytoplasm of invasive cancer components. Cell membrane staining was divided into 4 score levels (0, 1 þ , 2 þ , 3 þ ), and 2 þ and 3 þ were judged to show overexpression according to the scoring system used for HER-2 evaluation by Herceptest 22 as follows: IGF1R and EGFR expression was scored as 2 þ and 3 þ if the entire circumference of the cell membrane was weakly or moderately stained and strongly stained, respectively, in 10% or more of the constituent cancer cells. A score of 1 þ was assigned if incomplete membrane staining was observed in 10% or more of the cancer cells, and a score of 0 was given if there was membrane staining in less than 10% of constituent cells or no membrane staining. Score 2 þ and 3 þ were divided only from the intensity of membrane staining. It has proved that HER-2 expression of score 3 þ is more correlated with Her2 gene amplification and response to trastuzumab (Herceptin) than that of score 2 þ in breast cancer. Membrane-dominant pattern appears to represent the activation of these proteins through a normal signal transduction pathway. Therefore, we divided overexpression of membranous patterns into 2 þ and 3 þ .
Cytoplasmic staining was divided into 3 score levels (0, 1 þ , 2 þ ) as follows: EGFR and IGF1R expression was scored as 1 þ and 2 þ if the cytoplasmic staining was similar to, or weaker than, that of normal islet and ductular cells and was stronger than that of these cells, respectively, in 10% or more of the constituent cancer cells. Cytoplasmic granular staining was also scored as 2 þ . A score of 0 was assigned if there was cytoplasmic staining in less than 10% of constituent cells or no cytoplasmic staining. Cases with a score of 2 þ were judged to show overexpression. In both the membrane and cytoplasm of normal hepatocytes, EGFR was strongly positive, whereas in both the membrane and cytoplasm of normal biliary epithelium, IGF1R was intensely stained. These cells were used as an internal positive control for scoring of the metastatic cancer cells. We defined tumors showing membrane overexpression, with or without cytoplasmic staining, as 'membrane-dominant type', and tumors showing cytoplasmic overexpression without membrane overexpression as 'cytoplasm-dominant type', IGF1R and EGFR in pancreatic cancer S Ueda et al for both IGF1R and EGFR (Figure 1 ). Although EGFR overexpression had been examined in the 74 primary tumors in our previous study, 20 we reclassified their tumor grade and EGFR overexpression type according to the present definition.
Statistical Analysis
We used the w 2 or Fisher's exact test to examine the correlation between IGF1R and EGFR overexpression and their correlation with histological grade. Survival curves of patients were drawn by the Kaplan-Meier method. Differences in survival curves were analyzed by the log-rank test. All statistical analyses were performed using Statview 5.0 software (SAS Institute Inc., Cary, NC, USA).
Results
IGF1R and EGFR Overexpression in Surgically Resected Pancreatic Cancer
Membrane-and cytoplasm-dominant EGFR overexpressions were observed in 7 (9%) and 22 (30%) of the 74 surgically resected pancreatic cancers, respectively. Thus, EGFR was overexpressed in a total of 29 (39%) of the 74 cases. Membrane-and cytoplasm-dominant IGF1R overexpressions were observed in 28 (38%) and 8 (11%) of the 74 cases, respectively, and thus IGF1R was overexpressed in a total of 36 cases (49%) ( Table 2 ). Overexpressions of IGF1R and EGFR were not correlated with patient gender or age, T-factor, N-factor, or clinical stage. We found a significant correlation between the type of IGF1R and EGFR overexpression and histological grade. Membrane-dominant EGFR overexpression was more frequent in lower-grade tumors; 2 (29%) and 4 (57%) tumors were Grade 1 and Grade 2, respectively, but only one (14%) was Grade 3. On the other hand, cytoplasm-dominant EGFR overexpression was more frequent in higher-grade tumors: 4 (18%) were Grade 1 and 4 (18%) were Grade 2, but 14 (64%) were Grade 3. There was significant correlation between membrane-or cytoplasm-dominant EGFR overexpression and histological grade (Grade 1, 2 vs Grade 3; P ¼ 0.001 and 0.0004, respectively). Conversely, membrane-dominant IGF1R overexpression was more frequent in higher-grade tumors; 4 (14%) and 9 (32%) tumors were Grade 1 and Grade 2 respectively, but 15 (54%) were Grade 3. In contrast, cytoplasm-dominant IGF1R was detected in one (13%) and 7 (87%) Grade 1 and Grade 2 tumors, respectively, but in none (0%) of the Grade 3 tumors. There was a significant correlation between IGF1R cytoplasmdominant overexpression and histological grade 
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S Ueda et al (Grade 1, 2 vs 3; P ¼ 0.0001). Overall survival curves were significantly different among the patient group with tumor showing cytoplasm-dominant type EGFR, those with tumors showing membrane-dominant type EGFR, and those with tumors showing no EGFR overexpression.
Concordance of EGFR and IGF1R Overexpression Patterns between Primary and Metastatic Tumors
We compared the localization of EGFR and IGF1R overexpression between primary tumors and hepatic metastatic tumors in 44 autopsy cases. In autopsy specimens of primary pancreatic tumors, EGFR and IGF1R overexpressions were not correlated with patient gender or age, or with other clinicopathological factors: The primary tumors and hepatic metastatic tumors were histological grade 1 in six and three cases, grade 2 in nine and 18 cases, and grade 3 in 29 and 23 cases, respectively (Table 1b) . There was a significantly higher incidence of EGFR and/or IGF1R overexpression in autopsy specimens than in surgical specimens ( Table 3) . As most of the tumors were positive for EGFR and IGF1R overexpressions, the difference between EGFR or IGF1R overexpression and histological grade was not significant (Table 3) . Membrane-dominant EGFR overexpression was detected in 26 (59%) of the 44 primary pancreatic tumors and in 32 (73%) of the 44 hepatic metastatic tumors. Cytoplasm-dominant EGFR overexpression was dectected in 15 (34%) of the 44 primary tumors and in 9 (20%) of the 44 hepatic metastases. Only three cases were negative for EGFR overexpression in either the primary or the metastatic tumors. Thus, 23 (72%) of 32 hepatic metastases showing membrane-dominant EGFR also showed membrane-dominant EGFR in the primary tumor. However, 9 (28%) of the 32 primary tumors with cytoplasm-dominant EGFR showed a shift in staining localization to the membrane-dominant type in the hepatic metastases (Table 4a ). Membrane-dominant IGF1R overexpression was detected in 23 (52%) of the 44 primary tumors and 14 (32%) of the 44 hepatic metastases, while cytoplasmdominant IGF1R overexpression was detected in 15 (34%) of the primary tumors and 25 (57%) of the hepatic metastases. Membrane-or cytoplasmdominant IGF1R was absent in 6 (14%) and 5 (11%) of the primary tumors and hepatic metastases, respectively. In contrast to EGFR, 16 (64%) of 25 primary tumors with membrane-dominant IGF1R showed a shift in staining localization to the cytoplasm-dominant type in the hepatic metastases. In 9 (36%) of the 25 primary tumors with cytoplasmdominant IGF1R staining, this type of IGF1R expression was retained in the hepatic metastases (Table 4b) . Thus, shifts in localization of EGFR and IGF1R overexpression frequently occurred in half or more of cases between tumor at the primary site and hepatic metastases.
Inverse Correlation between Localization Patterns of EGFR and IGF1R Overexpression
We evaluated the correlation between localization patterns of IGF1R and EGFR overexpression in (Grade 1, 2 vs 3) . NS, nonsignificant.
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S Ueda et al specimens of primary pancreatic cancer. Table 5 shows the correlation of IGF1R and EGFR localization patterns in surgical specimens and autopsy specimens. In autopsy specimens shown in Table   5b , membrane-dominant EGFR overexpression with cytoplasm-dominant IGF1R overexpression was detected in 14 (32%) of 44 cases, while cytoplasmdominant EGFR with membrane-dominant IGF1R overexpression was detected in 13 (30%). Membrane-dominant overexpression of both IGF1R and EGFR was detected in 8 (18%) of 44 cases while cytoplasm-dominant overexpression of both IGF1R and EGFR was detected in 1 (2%) of 44 cases. Among the 36 cases (82%) that showed both IGF1R and EGFR overexpression, the localization patterns of these two types differed in 27 (75%). Among the 23 primary tumors with membrane-dominant IGF1R, 13 (56%) showed cytoplasm-dominant EGFR overexpression, whereas among 15 primary tumors with cytoplasm-dominant IGF1R, 14 (93%) showed membrane-dominant EGFR overexpression. There was a significant inverse correlation between the IGF1R and EGFR localization patterns (P ¼ 0.001).
Among the surgical specimens shown in Table 5a , only 16 (22%) of 74 cases showed both IGF1R and EGFR overexpression, so although there was a tendency for an inverse correlation between the IGF1R and EGFR localization patterns, this was not significant (P ¼ 0.068).
Thus, there was a tendency for inverse correlation between IGF1R and EGFR localization in both surgical specimens and autopsied specimens of primary tumors.
Discussion
IGF1R and EGFR function biologically via multiple signaling pathways including those mediated by PI3K/Akt and by Ras/MAPK. Recent studies have proved that IGF1R activation is mediated mainly via the PI3K/Akt signaling pathway, whereas EGFR activation is mediated mainly via the Ras/MAPK signaling pathway. Most in vitro studies have shown that cancer cells modulated by EGFR activation have increased propensity for mitosis, proapoptosis, chemoresistance and angiogenesis. 4, 5, [13] [14] [15] [16] 23 In addition, some reports have indicated that membranous EGFR activation is responsible for the regulation of intercellular adhesion such as cell-cell and cellmatrix adhesion. IGF1R activation has also been 
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shown to play roles similar to EGFR activation in vivo. Furthermore, IGF1R can upregulate several aspects of the malignant phenotype and metastasis in vitro, 12,13 although the specific roles played by IGF1R in this process remain unclear. We consider that normal membrane-dominant-type IGF1R and EGFR overexpression would play a major role in the proliferation, migration and differentiation of carcinoma cells. However, their cytoplasmic overexpression might also be of positive biological significance.
In the present study, we were able to show that IGF1R as well as EGFR was frequently overexpressed in pancreatic adenocarcinomas, and that their overexpression was classified into two patterns: membrane-dominant and cytoplasm-dominant. The former type is the conventionally localization pattern of cell membrane according to the scoring system of Herceptest for Her2 overexpressing breast cancer. 3 þ membranous patterns of Her2 staining are more correlated with high frequency of Her2 gene amplification than 2 þ membranous patterns of that. Membrane-dominant pattern appears to represent the activation of these proteins through a normal signal transduction pathway. Among autopsy specimens of primary pancreatic tumors, those with membrane-dominant IGF1R, usually accompanied by cytoplasm-dominant EGFR, showed higher histological grade and poorer patient prognosis than tumors with cytoplasm-dominant IGF1R usually accompanied by membrane-dominant EGFR.
These findings suggest that in advanced pancreatic cancer, EGFR expression tends to increase while IGF1R expression decreases. Crosstalk between the IGF1R-mediated signaling pathway and the EGFRmediated signaling pathway might play an important role in determining the biological aggressiveness of pancreatic adenocarcinoma. In hepatic metastases as well as primary tumors obtained at autopsy, a tendency for an inverse correlation between the localization patterns of IGF1R and EGFR overexpression was retained (data not presented). The overexpression pattern of IGF1R and/or EGFR was concordant between primary and metastatic tumors in identical patients in nearly half of all cases, although the pattern was discordant in the other half. In some cases, membrane-dominant EGFR overexpression in the primary tumor showed switching to membrane-dominant IGF1R or to coexpression of membrane-dominant EGFR and IGF1R in the hepatic metastasis. These findings suggest that crosstalk between the IGF1R-mediated pathway and the EGFR-mediated pathway might also occur during the process of metastasis of pancreatic adenocarcinoma. In autopsy specimens of primary pancreatic tumors and corresponding hepatic metastases, there was no significant relationship between EGFR or IGF1R overexpression and tumor differentiation, probably because the majority of these tumors were positive for EGFR or IGF1R overexpression. More than the half of pancreatic cancers at far advanced stages consistently showed membrane-dominant EGFR overexpression in both the primary and the metastatic tumors, while IGF1R variously exhibited membrane-or cytoplasm-dominant overexpression in both types of tumors (Table  4 ). These findings imply that the normal signaling pathway mediated by IGF1R and that mediated by EGFR might generally function in a compensatory manner in primary pancreatic cancer. For the formation of metastatic tumors, these signaling pathways appear to show complex cooperation in which their compensatory relationship is modified. The activities of receptor tyrosine kinases are attenuated by receptor internalization, intracellular trafficking through endosomes, and degradation in lysosomes, resulting in decreased receptor expression. However, there is now considerable evidence that the EGFR continues signaling in endosomes, which forces us to reevaluate the outcomes of receptor trafficking. Internalized receptors might extend some signaling activities and mediate certain responses, such as cell motility. 24 If the signaling pathway mediated by IGF1R can substitute for that mediated by EGFR, we may be able to utilize another therapeutic approach to target IGF1R in pancreatic cancer. As interruption of the EGFR family members has been shown to exert therapeutic effects against human cancers, a strategy for interruption of IGF1R signaling could also be of likely clinical benefit.
In summary, this immunohistochemical study has shown that both IGF1R and EGFR are frequently overexpressed in pancreatic adenocarcinoma at both primary and metastatic sites. The cellular localization patterns of IGF1R and EGFR in the primary tumor are correlated with histological tumor grade and patient prognosis. Throughout the process of progression of pancreatic adenocarcinoma, the tendency toward reciprocal localization of IGF1R and EGFR, and the inverse shift in localization in metastases implies a relationship between two related receptors that may have therapeutic implications. 
